Complex vascular anatomies can cause the failure of image-guided endovascular procedures. 3D printed patient-specific vascular phantoms provide clinicians and medical device companies the ability to preemptively plan surgical treatments, test the likelihood of device success, and determine potential operative setbacks. This research aims to present advanced mesh manipulation techniques of stereolithographic (STL) files segmented from medical imaging and post-print surface optimization to match physiological vascular flow resistance. For phantom design, we developed three mesh manipulation techniques. The first method allows outlet 3D mesh manipulations to merge superfluous vessels into a single junction, decreasing the number of flow outlets and making it feasible to include smaller vessels. Next we introduced Boolean operations to eliminate the need to manually merge mesh layers and eliminate errors of mesh selfintersections that previously occurred. Finally we optimize support addition to preserve the patient anatomical geometry. For post-print surface optimization, we investigated various solutions and methods to remove support material and smooth the inner vessel surface. Solutions of chloroform, alcohol and sodium hydroxide were used to process various phantoms and hydraulic resistance was measured and compared with values reported in literature. The newly mesh manipulation methods decrease the phantom design time by 30 -80% and allow for rapid development of accurate vascular models. We have created 3D printed vascular models with vessel diameters less than 0.5 mm. The methods presented in this work could lead to shorter design time for patient specific phantoms and better physiological simulations.
INTRODUCTION
3D printed, patient-specific vascular flow phantoms are relatively new benchtop tools that have been developed by our group in the past few years 1, 2 . The purpose of these phantoms is to provide accurate treatment planning for patients with cardiovascular disease; to traverse or treat anatomies that include severe stenoses, uncommon vessel bifurcations, tortuous vessels, or arches that impede the transition of the catheter to the treatment site. Cardiovascular disease, including stroke, is the leading cause of death (30% of deaths) in the world 3 . It also accounts for 12% of the total health expenditures in the United States (as of 2011), more than any other diagnostic group 4 .
Endovascular surgeries are minimally invasive procedures which incur shorter patient recovery times and lower mortality rates among individuals with vascular diseases 5 . Physicians are able to make a judgment on which device, or devices, to use based on medical images, but complications can still arise. Unforeseen challenges during surgery can lead to inaccurate or total device misplacement 6, 7 , vessel injury, thrombolytic events, and increased radiation dose to the patient due to prolonged operating time [8] [9] [10] [11] [12] [13] [14] [15] . 
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The post-pri geometrical ethanol cann SUP705. Sca solution of so flushed with leading to de sistances bove this hydraulic ulate the esistance of 83% more than the maximum reported value for systemic arterial resistance. Water and chloroform treatment of the phantoms resulted in an increase in hydraulic resistance of almost 200% and 350%, respectively. Chloroform showed the maximum flow resistance, whereas sodium hydroxide showed the minimum. Hence, we can conclude the solvent used to post-process the surface of the phantoms has a significant effect on the differential pressure and the hydraulic resistance of the liquid flow. 
Model Imaging Results
X-ray and DSA are used to verify the accuracy and compatibility of the small vessels in the 3D printed model. Contrast was injected into the model in conjunction to the peristaltic pump. The resulting geometry is almost identical to the geometry of the initial image segmentation. Figure 8 shows the patient-specific model geometry. The accuracy decreases towards the outlets as they are manipulated in order to reduce the total number of branches. 3D vely and re also a as outlet t-specific it by 30-80%, depending on the complexity and size of the patient geometry. Treatment of the models with sodium hydroxide reduces the hydraulic resistance of the phantoms, a difference of ~83% between the treated phantoms and physiological conditions. The DSA images of the 3D printed left internal carotid artery in this study prove that it is feasible to use this technology for vessels as small as 0.45 mm in diameter. Patient-specific phantoms represent a versatile benchtop tool and a unique learning opportunity for physicians and the endovascular field as a whole.
